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IS.  ABSTRACT 


The  effect  of  endotoxin  on  the  heart  is  obscure,  and  results  have  been  controver¬ 
sial.  The  purpose  of  the  present  study  was  to  detannine  if  there  is  a  direct 
detrimental  action  of  endotoxin  on  cardiac  tissue.  An  isolated  heart  and  ventilated 
lungs  removed  from  a  donor  dog  were  perfused  with  venous  blood  from  an  intact 
heparinized  animal.  Pulmonary  blood  flow,  aortic  pressure,  respiration,  and  blood 
tenperature  were  maintained  constant  in  the  isolated  preparation.  Cardiac  output 
was  directly  measured  from  aortic  and  coronary  venous  outflows.  Left  ventricular 
myocardial  contractile  force,  intraventricular  and  aortic  pressures,  and  oxygen 
uptake  were  determined.  An  I£qq  injection  of  E.  ooli  endotoxin  was  intravenously 
ackninistered  to  the  dog.  Results  indicate  that  endotoxin  has  no  early  detrimental 
effect  on  myocardial  perfonoanoe.  Oxygen  uptake  and  left  ventricular  contractile 
force  were  maintained  at  pre-endotoxin  values  or  increased  above  control  in  the 
presence  of  severe  systemic  hypotension  in  the  dog.  Left  ventricular  end  diastolic 
pressure  was  not  elevated  in  any  experiment,  but  ordinarily  decreased  after  endotoxin. 
Goronarv  uLood  flow  progressively  increased,  and  vascular  resistance  significantly 
fell.  <nile  there  was  no  evidence  to  support  an  early  direct  toxic  action  of  endo¬ 
toxin  cxi  myocardial  tissue,  results  do  not  exclude  the  possibility  of  later  indirect 
factors  ultimately  depressing  myocardial  integrity. 
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EFFECT  OF  ENDOTOXIN  ON  MYOCARDIAL  PERFORMANCE 


It  is  generally  agreed  that  the  heart  will  ultimately  fail  in 
endotoxin  shock;  however,  its  contributory  role  in  the  development  of 
the  irreversible  state  is  not  clear.  It  has  been  demonstrated  that 
venous  return  sharply  decreases  early  after  endotoxin  due  to  intravas¬ 
cular  pooling  (10-12,26).  It  seems  well  established,  therefore,  that 
systemic  hypotension  is  in  large  part  promoted  by  peripheral,  rather 
than  direct,  cardiac  mechanisms. 

Weil  et  al.  (26)  found  no  evidence  for  myocardial  failure  in  the 
early  phase  of  endotoxin  shock,  largely  on  the  basis  of  normal  electro¬ 
cardiographic  tracings.  Others  have  found  that  large  doses  of  endotoxin 
exert  no  perceptible  detrimental  effects  on  the  myocardial  extraction  of 
oxygen  or  the  coronary  vasculature  (18) .  It  has  been  suggested  that  the 
heart  is  affected  only  indirectly  by  endotoxin  because  of  unfavorable 
circulatory  conditions  (2).  On  the  other  hand,  Solis  and  Downing  (24) 
and  Kadcwitz  and  Yard  (14)  demonstrated  cardiac  depression  early  after 
endotoxin.  In  each  instance,  ventricular  contractile  force  was  diminished, 
and  in  the  studies  by  Solis  and  Downing,  contractile  force  was  depressed 
even  when  arterial  pressure  was  maintained. 

The  purpose  of  the  following  study  was  to  determine  if  the  heart  is 
directly  damaged  by  lethal  injections  of  endotoxin  under  conditions  in  which 
respiratory  and  l.emodynamj c  parameters  ware  maintained  constant.  It  was 
hoped  that  the  studies  would  provide  insight  into  the  role  of  the  heart 
in  the  development  of  systemic  hypotension. 
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MATERIALS  AND  METHODS 


The  experimental  procedure  provided  for  the  support  of  an  isolated 
denervated  left  ventricle  by  the  exchange  of  blood  from  a  heparinized 
support  animal.  All  experiments  were  conducted  on  adult  mongrel  dogs 
intravenously  anesthetized  with  sodium  pentobarbital,  30  mg/kg.  The 
donor  heart  dog  (average  weight,  8.4  kg)  was  anesthetized,  and  the  chest 
was  opened  along  the  midstemum  region  after  the  animal  was  placed  on  a 
constant  volume  respirator.  The  azygous  vein  and  subclavian  artery  were 
ligated  and  sectioned- between  ties.  Ligatures  were  loosely  placed  around 
the  thoracic  aorta  distal  to  the  subclavian  artery,  the  brachiocephalic 
artery,  and  superior  and  inferior  venae  cavae.  The  pericardial  sac  was 
opened  along  its  ventral  surface  and  the  animal  was  heparinized  (3-5  mg/ 
kg) .  The  bagi  were  then  cut  in  the  neck  region  and  the  brachiocephalic 
artery  was  cannulated  with  a  plastic  tubing  which  extended  to  a  height  of 
100  to  125  cm  above  the  heart  level.  The  superior  vena  cava  was  cannulated 
with  a  blood-filled  plastic  tubing  led  through  a  roller-type  blood  pump 
drawing  blood  from  the  inferior  vena  cava  of  the  support  dog.  The  tip  of 
this  tubing  lay  in  the  central  vein  of  the  animal  proximal  to  the  hepatic 
vein  orifice.  To  prepare  the  donor  heart  for  transfer  to  the  perfusion 
system  without  interruption  of  blood  flow,  the  brachiocephalic  outflow 
from  the  heart  was  opened,  allowing  blood  to  fill  the  tubing  exerting  a 
hydrostatic  pressure  providing  adequate  coronary  perfusion  (pressure  >  80 
irm  Hg) .  The  aorta  was  then  tied  distal  to  the  brachiocephalic  artery,  the 
superior  vena  caval  inflow  from  the  pump  was  commenced  at  120  ml/min,  and 
the  inferior  vena  cava  was  immediately  ligated.  Bllod  from  the  aortic 
outflow  was  collected  in  a  plastic  reservoir  and  returned  to  the  intact 
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support  dog  at  a  flow  rate  equal  to  the  superior  vena  caval  inflow.  The 
heart  and  lungs  were  then  removed  from  the  chest  and  transferred  to  the 
external  system,  with  adequate  coronary  pressure  and  flow  constantly 
provided.  Support  animals  were  approximately  three  times  heavier  than 
heart  donor  animals  in  order  to  minimize  the  stress  of  prolonged  perfusion 
in  the  intact  animal. 

A  strain  gauge  arch  was  sutured  to  the  lateral  wall  of  the  left 
ventricle  for  measurement  of  myocardial  contractile  force  (3) .  Left 
ventricular  pressure  was  measured  by  insertion  of  a  short,  large-bore 
plastic  drainage  tubing  into  the  right  ventricle  via  the  atrium  and 
cannulating  the  pulmonary  artery  from  a  T  connection  previously  secured 
to  the  superior  vena  caved,  inflow  tubing.  The  cannulation  of  the  pul¬ 
monary  artery  required  only  a  few  seconds,  during  which  time  the  coronary 
vessels  were  retrogr ad-perfused  with  blood  by  hydrostatic  pressure  from 
the  aortic  outflow  tubing.  Coronary  venoust  blood  was  oollected  from  the 
right  ventricular  drainage  tubing  into  a  plastic  reservoir ,  and  together 
with  brachiocephalic  outflow  returned  to  the  dog  via  a  second  pump. 

Cardiac  output  was  taken  as  the  sum  of  aortic  outflow  and  coronary  flow, 
both  measured  with  a  cylinder  and  stop  watch.  Temperature  of  coronary 
venous  blood  was  monitored  with  a  tenperature  probe.  Aortic  pressure, 
left  ventricular  pressure,  cardiac  contractility  of  the  isolated  heart, 
and  the  mean  systemic  pressure  of  the  support  dog  were  continuously 
monitored  on  a  Sanborn  recorder.  Left  ventricular  pressure  was  alternately 
recorded  by  means  of  a  Staatham  pressure  transducer,  on  a  sensitive  (0-40  nm 
Hg)  range  and  a  scale  (0-200)  registering  both  systolic  and  diastolic 


pressures . 


s 


Mean  aortic  pressure  and  cardiac  output  were  steadily  increased  in 
the  isolated  heart,  preparation  by  adjustment  of  a  screw  clamp  on  the 
aortic  outflow  and  elevation  of  purrp  speed  supplying  the  pulmonary  artery. 
The  lungs  of  the  isolated  heart  preparation  were  continuously  ventilated 
by  a  Starling  constant  volume  respirator.  Coronary  arterial  and  venous 
P02,  Poo2/  and  pH  were  followed  by  utilizing  an  Instrumentation  Labora¬ 
tories  blood  gas  analyzer.  Oxygen  content  of  coronary  arterial  and 
venous  blood  was  measured  by  a  Natelson  Microgasometer .  Simultaneously 
obtained  coronary  flow  measurements  permitted  the  calculation  of  oxygen 
uptake  by  multiplying  the  A-V  O2  difference  by  coronary  flow. 

During  an  equilibration  period,  aortic  pressures  were  stabilized  at 
approximately  125  to  130  mn  Hg  and  cardiac  output  at  50  ml/min/kg  body 
wt  based  on  the  weight  of  the  heart  donor  dog.  These  pressure  and  flow 
values  supported  and  maintained  left  ventricular  systolic  and  diastolic 
pressures,  coronary  flew,  coronary  blood  temperature,  and  oxygen  uptake 
in  the  physiological  range,  and  were  therefore  maintained  constant  during 
the  course  of  the  experiments  (180  min) .  Following  the  equilibration 
period,  when  all  values  of  the  various  parameters  achieved  a  relative 
constancy,  a  30-min  control  period  was  run  ooli  endotoxin  (Difoo,  Detroit) , 
1.5  mg/kg-  Endotoxin  was  administered  intravenously  in  the  support  animal, 
and  in  sane  experiments  was  additionally  injected  into  the  pulmonary 
arterial  inflow  of  the  isolated  heart.  Experiments  were  concluded  at  the 
death  of  the  dogs  or  not  later  than  180  min  postendotoxin. 

Stroke  work  (19)  in  gram*meters  was  calculated  from  the  formula: 

(MAP-LVEDP)  <SV)  (1. 36)/100 

where  MAP  =  mean  aortic  pressure  (itm  Hg)  ?  LVEDP  =  left  ventricular  and 
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diastolic  pressure  (ran  Hg) ;  and  SV  =  stroke  volume  in  ml,  determined  by 
dividing  cardiac  output  by  heart  rate.  The  acceleration  component  of 
ventricular  stroke  work  was  disregarded  in  the  calculations  on  the  basis 
that  it  represents  less  than  1%  of  toted  stroke  work  (20) .  Cardiac  power 
was  determined  by  the  expression  of  work  per  second. 

Maximum  change  in  left  ventricular  pressure  (ciP/dT)  occurring  during 
isometric  contraction  of  the  left  ventricle  (19,21)  was  determined  from 
analysis  of  the  slope  of  a  line  drawn  tangentially  to  the  steepest  portion 
of  the  ventricular  tracing  and  expressed  in  nm  Hg/see. 

RESULTS 

Table  I  illustrates  the  effect  of  an  IDgg  intravenous  injection  of 
endotoxin  in  the  intact  support  dogs  supplying  blood  to  the  isolated  heart. 
Mean  systemic  pressure  fell  sharply  and  remained  low  during  the  posten¬ 
dotoxin  period,  while  heart  rate  was  insignificantly  altered. 

Several  parameters  were  maintained  constant  in  the  perfused  heart- 
lung  preparation.  These  are  shewn  in  Table  II.  Mean  aortic  pressure, 
cardiac  output,  blood  temperature,  and  respiration  rate  and  depth  were  all 
maintained  relatively  constant  in  each  experiment.  It  is  noted  that 
although  systemic  pressure  of  the  support  dog  fell  to  severly  low  values 
after  endotoxin  injection,  coronary  perfusion  pressure  of  the  isolated 
heart  was  maintained  in  the  rental  range.  These  values  were  deliberately 
maintained  constant  because  of  their  direct  influences  on  various  work 
performance  and  metabolic  characteristics  of  the  heart  (4,21) . 

Table  III  demonstrates  the  effect  of  endotoxin  on  the  hemodynamics 
and  metabolism  of  the  isolated  heart.  All  individual  heart  preparations 
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showed  considerable  coronary  hemodynamic  alterations,  with  increasing 
coronary  flow  and  decreasing  coronary  vascular  resistance.  Mean  coronary 
flew  increased  nearly  60%  above  control,  while  resistance  fell  to  ap¬ 
proximately  half  the  initial  values  within  2  hr  afte’r  endotoxin.  Data 
in  Table  III  that  oxygen  uptake  of  the  left  ventricle  varied  insignifi¬ 
cantly  during  the  control  and  shock  stages.  There  were  no  regular  changes 
in  heart  rate,  although  no  experiment  demonstrated  bradycardia  after 
endotoxin. 

It  was  decided  to  evaluate  the  effects  of  endotoxin  on  certain 
cardiac  performance  parameters.  Table  IV  describes  the  results.  Left 
ventricular  contractile  force  did  not  decrease  in  any  experiment,  but 
ordinarily  increased.  Because  of  individual  variation ,  however ,  mean 
values  were  statistically  unaltered  by  endotoxin.  Left  ventricular  end 
diastolic  pressure  (LVEDP)  usually  decreased  in  individual  hearts 
following  endotoxin  injection.  On  the  average,  all  values  tended  to 
decrease  2  to  3  hr  after  endotoxin.  The  maximum  rate  of  change  in 
pressure  (dP/dT)  increased  furing  the  postendotoxin  period.  Stroke 
work  (gram*meters)  was  relatively  unaffected,  although  there  was  a 
tendency  for  a  decrease,  presumably  on  the  basis  of  a  slight  elevation 
of  heart  rate  in  individual  experiments.  On  the  other  hand,  when  cardiac 
power  (work/sec)  was  calculated,  a  high  degree  of  constancy  was  seen  during 
both  the  control  and  shock  periods. 

Table  V  summarizes  pH,  Po2,  and  Po2  alterations  in  coronary  arterial 
and  venous  blood.  There  was  a  significant  decrease  in  pH  by  30  to  90  min 
after  endotoxin  (p<0.05).  Poo2  values  remained  relatively  constant,  and 
although  fell  in  coronary  artery  blood  and  rose  in  coronary  venous 
blood,  changes  are  statistically  insignificant  because  of  individual 
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variation. 


DISCUSSION 


The  over-all  objective  of  this  study  was  to  determine  the  role  of 
the  heart  in  contributing  to  the  precipitation  of  irreversible  endotoxin 
shock.  Experiments  were  principally  designed  to  determine  if  the  heart 
was  directly  damaged  by  endotoxin  when  hemodynamic  and  respiratory  para¬ 
meters  were  controlled .  In  order  to  reveal  possible  direct  toxic  actions 
of  endotoxin  on  the  nyocardium,  aortic  pressure,  cardiac  output,  blood 
temperature,  and  respiratory  rate  and  depth  were  maintained  constant 
during  a  2-  to  3-hr  postendotoxin  observation  period.  Blood  was  contin¬ 
uously  exchanged  between  an  endotoxin-shocked  animal  and  the  isolated 
working  heart-lung  preparation.  Results  from  these  experiments  failed  to 
reveal  a  single  instance  of  endotoxin  toxicity  on  myocardial  work  perfor¬ 
mance  or  oxidative  metabolism,  even  though  the  heart  received  blood  from 
an  animal  which  was  severely  hypotensive  and  acidotic.  Coronary  flew 
sharply  increased  and  coronary  vascular  resistance  devreased ,  while  myo¬ 
cardial  oxygen  uptake  remained  relatively  unchanged  during  the  shock 
period.  Left  ventricular  contractile  force  and  dP/dT  increased  in  all 
individual  experiments  after  endotoxin  administration,  while  stroke  work 
and  cardiac  power  remained  relatively  constant.  Left  ventricular  end 
diastolic  pressure  did  not  increase  in  a  single  experiment  after  endotoxin 
injection,  but  ordinarily  demonstrated  a  steady  decrease.  Results  from  the 
present  study  therefore  offer  no  support  for  a  direct  toxic  action  of 
endotoxin  on  myocardial  tissue.  These  findings  support  the  conclusions 
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of  sane  investigators  (2,18,26) ,  but  are  in  disagreement  with  others 
(14,24). 

Albert,  Glass,  and  Carter  (1)  ascribed  primary  heart  failure  as  the 
initiating  deleterious  factor  in  hemorrhagic  shock,  while  Siegel  and 
Downing  (23)  considered  the  heart  to  be  dairaged  subsequently  only  to  the 
prolonged  systemic  hypotension.  It  has  also  been  observed  that  cardiac 
function  is  depressed  only  temporarily  in  hemorrhagic  shock  and  ultimately 
recovers,  even  during  the  hypotensive  state (5). 

Lefer  and  others  (15-17)  have  identified  a  myocardial  depressor 
substance  present  in  the  plasma  of  animals  in  late  hemorrhagic  shock. 

They  have  postulated  that  this  substance  may  play  an  important  role  in 
the  pathogenesis  of  irreversibility  by  depressing  excitation-contraction 
coupling  or  by  inpairing  the  cardiac  contractile  machinery  directly.  The 
present  study  provides  no  evidence  for  the  release  of  a  myocardial  de¬ 
pressant  factor  in  the  plasma  of  the  endotoxin-poisoned  animal.  It  is 
conceivable  that  an  inotropic  adrenergic  endogenous  agent  released  after 
endotoxin  could  have  masked  the  nyocardial  effects  of  a  circulating 
myocardial  depressant  substance;  however,  recent  studies  utilizing  beta 
adrenerc,  ic  blockade  before  and  after  endotoxin  have  failed  to  reveal  a 
depressant  action  of  endotoxin  on  the  nyocardium  (13) . 

The  problem  of  the  precise  role  of  the  heart  in  the  developement  of 
irreversible  endotoxin  shock  is  complicated  by  events  occurring  in  the 
periphery  which  most  assuredly  influence  cardiac  output  adversely  (12,26), 
causing  its  decrease  on  the  basis  of  a  diminished  venuous  return.  Hie 
resultant  systemic  hypotension  may  ultimately  corpranu.se  cardiac  integrity 
because  of  diminished  coronary  blood  flow. 


Hie  present  experiments  appear  to  exclude  a  direct  toxic  over¬ 
whelming  action  of  endotoxin  on  myocardial  performance.  Gilbert  (8) 
pointed  out  that  there  was  no  evidence  for  a  direct  adverse  effect  of 
endotoxin  on  myocardial  function.  More  recently  Siegel,  Greenspan,  and 
Del  Guercio  (22) ,  and  Thai  and  Bell  (25)  have  demonstrated  myocardial 
failure  in  septic  shock  in  patients,  and  a  logical  argument  for  a  general 
cardiac  theory  of  shock  has  been  developed  by  Crowell  and  Guyton  (6,7) . 
Results  from  the  present  study  suggest  that  primary  cardiac  endotoxin- 
induced  toxicity  is  not  a  significant  factor  in  the  pathogenesis  of  early 
experimental  septic  shock,  but  do  not  exclude  the  possibility  that  the 
indirect  effects  of  endotoxin  may  perform  important  roles  in  the  eventual 
depression  of  cardiac  integrity. 

SUMMARY 

The  effect  of  endotoxin  on  the  heart  is  obscure,  and  results  have 
been  controversial.  Hie  purpose  of  the  present  study  was  to  determine  if 
there  is  a  direct  detrimental  action  of  endotoxin  on  cardiac  tissue.  An 
isolated  heart  and  ventilated  lungs  removed  from  a  donor  dog  were  perfused 
with  venous  blood  from  an  intact  heparinized  animal.  Pulmonary  blood  flew, 
aortic  pressure,  respiration,  and  blood  tanrperature  were  maintained  constant 
in  the  isolated  preparation.  Cardiac  output  was  directly  measured  from 
aortic  and  coronary  venous  outflows.  Left  ventricular  myocardial  contractile 
force,  intraventricular  and  aortic  pressures,  and  oxygen  uptake  were  deter¬ 
mined.  An  ID90  injection  of  E.  ooli  endotoxin  was  intravenously  administered 
to  the  dog.  Results  indicate  that  endotoxin  has  no  early  detrimental  effect 
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on  myocardial  performance.  Oxygen  uptake  and  left  ventricular  contractile 
force  were  maintained  at  pre-endotoxin  values  or  increased  above  control  in 
the  presence  of  severe  systemic  hypotension  in  the  dog.  Left  ventricular 
end  diastolic  pressure  was  not  elevated  in  any  experiment,  but  ordinarily 
decreased  after  endotoxin.  Coronary  blood  flow  progressively  increased, 
and  vascular  resistance  significantly  fell.  While  there  was  no  evidence 
to  support  an  early  direct  toxic  action  of  endotoxin  on  myocardial  tissue, 
results  dc  not  exclude  the  possibility  of  later  indirect  factors  ultimately 
depressing  myocardial  integrity. 


1 

* 

f 

1 


I 
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Km.  I.  Itiagram  of  isolated  perfused  heart 
preparation.  lilotsl  in  obtained  from  central  vein 
of  the  dog  (catheter  tip  within  ihornx)  himI  sultsc- 
tpiciilly  ri'l timed  to  femoral  vein. 

I’A  =  puluumttry  artorv 
A  —  nortii 

Iff,'  =  brachiocephalic  artery 

HA  -  right  atrium 

UV  =  right  ventricle 

LV  =  left  ventricle 

A 7i  =  azygous  vein 

SVC  =  superior  vena  cava 

I  VC  =  inferior  vena  cava 

SC  =  adjustable  screw  clamp 

reap  ”  constant  volume  respirator 

S(!A  =*  strain  gauge  arch 

I, VC  =  left  ventricular  catheter 

CVC  =  coronary  vein  catheter 

Tl*  =  teni|S!ralure  prolst 

Wll  =  water  hath  at  controlled  temperature 
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TABLE  I 


Effect  of  Endotoxin  (IDg^)  on  Intact  Support  Animal 

(Mean  +  SE;  N  =  7) 


Period 

Mean  Sys  tonic 
Arterial 

Pressure 
(rrm  Hg) 

Heart  Rate 
(min) 

Control  No.  1  (minus 

126 (+  4) 

156  (+  7) 

30  min) 

Control  No.  2  (zero 

127  (+  4) 

144  (+  12) 

time) 

Postendotoxin : 

30-90  min 

52  (+  9) 

155  (+  8) 

90-150  min 

48  (+  6) 

162  (+  9) 

150-180  min 

54  (+  11) 

173  (+  17) 
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ml/min/100  g  left  ventricle 


TABLE  V 

Effect  of  Endotoxin  on  pH  and  Blood  Gas  Tensions  in  Isolated 
Heart  Preparation 


(Mean  +  SE;  N  =  7) 


Period 

pH* 

Po2 

Pco2 

Control  No.  1 

(minus  30  min) 

A  7.49  (+  0.03) 

70  (+  8) 

22 

(+  2) 

V  7.46  (+  0.03) 

24  (+  2) 

28 

(+  2) 

Control  No.  2 

(zero  time) 

A  7.50  (+  0.04) 

73  (+  8) 

22 

(+  2) 

V  7.46  {+  0.04) 

24  (+  3) 

28 

(+  3) 

Postendotoxin: 


30-90  min 

A  7.37 
V  7.35 

90-150  min 

A  7.31 
V  7.29 

(+0.04)  64  (+9)  22  (+2) 

(+  0.04  29  (+  3)  27  (+  3) 

(+  0.06)  55  (+  5)  25  (+  2) 

(+  0.06)  33  (+  2)  29  (+  2) 


150-180  min 


A  7.32  (+  0.10) 
V  7.31  (+  0.10) 


64  (+  8) 
36  (+  5) 


24  (+  2) 
29  (+  3) 
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